Fat intake and obesity are positively correlated with pancreatic cancer in humans. N-nitrosobis(2-oxopropyl)amine (BOP) induces pancreatic ductal adenocarcinomas limited to Syrian golden hamsters, other rodents not being susceptible. In the present study, we found markedly high levels of serum triglycerides (TGs) and total cholesterol (TC) in Syrian golden hamsters, but not C57BL/6 mice, ICR mice, F344 rats and Wistar rats. Consistent with this, lipoprotein lipase (LPL) activities in the liver were lower in hamsters compared with mice and rats. To examine effects of pioglitazone, a peroxisome proliferator-activated receptor g (PPARg) ligand, on LPL expression, serum lipid levels and pancreatic cancer development, 6-week-old female Syrian golden hamsters were subcutaneously injected with BOP (10 mg/kg body wt) four times in a week and thereafter fed a diet containing 800 p.p.m. pioglitazone for 22 weeks. The treatment elevated LPL mRNA expression in the liver and significantly improved hyperlipidemia with serum levels of TG and TC being decreased to 62 and 71%, respectively, of the control values. Concurrently, the incidence and multiplicity of pancreatic ductal adenocarcinomas were significantly decreased by pioglitazone in comparison with the controls (38 versus 80%, P , 0.01 and 0.55 ± 0.15 versus 1.37 ± 0.22, P , 0.01, respectively). The suppression rates were grater in invasive adenocarcinomas than non-invasive ones. The incidence of cholangiocellular carcinomas was also reduced. Thus, suppression of pancreatic adenocarcinoma development by pioglitazone is possibly associated with improvement in the serum lipid profile, and hyperlipidemia could be an enhancing factor for development of pancreatic cancer in hamsters.
Introduction
It was estimated that $220 000 people die of pancreatic cancer worldwide every year (1) , this being the fourth leading cause of cancerrelated mortality in the USA (2) and the fifth in Japan (3) , where pancreatic cancer is steadily increasing in incidence and a 5-year survival rate is extremely low (4) . From epidemiological studies, environmental factors like cigarette smoking and dietary habits are risk factors (5) , one report implicating a high intake of saturated fat (6) . Likewise, cohort studies have indicated that obese individuals are at increased risk of pancreatic cancer (7, 8) . Generally, progress of pancreatic cancer is very silent, so early detection is extremely difficult. In addition, effective chemotherapeutic and chemopreventive agents against pancreatic cancer have yet to be identified. Therefore, elucidation of causative factors and mechanisms underlying pancreatic carcinogenesis is a high priority.
The Syrian golden hamster is a unique model animal for development of ductal pancreatic cancer with subcutaneous injections of Nnitrosobis(2-oxopropyl)amine (BOP) (9) , the induced lesions having close similarities to the major form of pancreatic cancer in humans. Point mutations in codon 12 of the K-ras gene are frequently observed (10) , and expression of the fragile histidine triad gene, a tumor suppression gene, is generally abnormal in hamsters (11) as in human cases (12, 13) . Interestingly, BOP does not induce pancreatic ductal cancers in mice (14) or rats (15) and the reason for the species specificity is not clear. Incidentally, we found the age-dependent hyperlipidemic state in hamsters even when the animals were fed a low-fat standard diet, but not in mice and rats.
Peroxisome proliferator-activated receptor c (PPARc), one of the nuclear receptor superfamily of ligand-activated nuclear transcription factors (16, 17) , is prominently expressed in adipose tissue, and also in other tissues at lower levels (18) . One of its biological functions is to regulate adipocyte differentiation (19) . Thiazolidinediones (TZDs) are ligands for PPARc, and one of the TZD derivatives, pioglitazone, has been clinically accepted as an anti-diabetic drug. It is well established that administration of TZDs improves hyperlipidemia and hyperglycemia in animal models (20, 21) . Furthermore, TZDs have been shown to inhibit the proliferation of various cancers (22) (23) (24) (25) . We have previously reported that adenomatous polyposis coli (Apc) gene-deficient mice, Apc 1309 and Min mice, develop hyperlipidemia with down-regulation of lipoprotein lipase (LPL) mRNA and pioglitazone as well as a LPL selective inducer, NO-1886, improves this hyperlipidemia with up-regulation of LPL mRNA and suppresses intestinal polyp formation (26) (27) (28) .
In the present study, we examined serum lipid levels and LPL activity in the livers of hamsters, mice and rats on a 5% fat standard diet, and showed the hyperlipidemic state and lowered hepatic LPL activity in the hamsters. Moreover, pancreatic cancer development was significantly suppressed with improvement of hyperlipidemia by pioglitazone. Based on these data, the role of hyperlipidemia in pancreatic carcinogenesis is discussed.
Materials and methods

Animals and chemicals
Female Syrian golden hamsters were obtained from Japan SLC (Shizuoka, Japan) when 5 weeks old and weighing $80 g and acclimated to laboratory conditions for a week. They were housed two or three per plastic cage, with sterilized softwood chips as bedding, in an air-conditioned animal room, on a 12-h light-dark cycle. Powdered CE-2 (CLEA Japan, Shizuoka, Japan) was employed as a standard basal diet, in which fat is contained at $5%. Body weights were measured weekly and food consumption twice a week. Food and water were available ad libitum. Female C57BL/6 mice, female F344 rats, female ICR mice and female Wistar rats were obtained from Japan SLC, and their care and food administration conformed to the hamster case. The experimental protocols were approved by the Institutional Ethics Review Committee for Animal Experimentation. BOP was obtained from Nacalai Tesque (Kyoto, Japan) and pioglitazone, (±)-5-[4-[2-(5-ethyl-2-pyridyl)ethoxy]benzyl]thiazolidine-2,4-dione monohydrochloride, was kindly provided by Takeda Pharmaceutical Co., Ltd (Osaka, Japan), and well mixed with powdered CE-2 at a concentration of 800 p.p.m.
Measurement of serum lipid levels in animals
Subgroups of 5-13 hamsters were killed at 6 and 30 weeks of age, and blood samples were collected from the heart under diethyl ether anesthesia after overnight fasting. C57BL/6 mice and F344 rats (five to eight animals per group) were also killed at 6 and 30 weeks of age and blood samples similarly obtained. Blood samples from ICR mice and Wistar rats at 6 and 25 weeks of age were also used. The levels of triglyceride (TG) and total cholesterol (TC) in the serum were measured as reported previously (29) .
Measurement of LPL activity in the liver Liver samples from 6-week-old Syrian golden hamsters, C57BL/6 and ICR mice and F344 and Wistar rats were used. LPL activity was determined using a triolein-tri [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]oleoyl glycerol emulsion substrate as previously reported (30) .
Analysis of LPL expression in the livers of hamsters by reverse transcriptionpolymerase chain reaction Primers for LPL in hamsters were designed from cDNA sequences that matched perfectly between the mouse (accession number, NM_008509) and rat (NM_012598), and the cDNA sequence of hamster LPL in the open reading frame was analyzed by reverse transcription (RT)-polymerase chain reaction (PCR) and direct sequencing using an ABI310 PRIZM DNA Sequencer (Applied Biosystems, Foster City, CA). A high degree of sequence similarity was observed with mouse and rat, homologies being 91% and .95% for the nucleotide and amino acid sequences, respectively. The analyzed cDNA sequence was registered at the DNA Data Bank of Japan; accession number, AB194713. Liver samples were taken from 6-week-old Syrian golden hamsters and stored at À80°C. Total RNA was extracted from the liver samples using Trizol reagent (Invitrogen, Co., Carlsbad, CA). After RNA purification and subsequent DNase I treatment, aliquots of total RNA (2.5 lg) were subjected to the RT reaction with nonamer random primers in a final volume of 50 ll using an Omniscript RT kit (Qiagen, Hilden, Germany). PCR amplification was performed in a final volume of 50 ll with aliquots of cDNA (150 ng) and iTaq DNA polymerase (Bio-Rad Laboratories, Hercules, CA) using a PTC-200 Peltier thermal cycler (MJ Research, Waltham, MA). The primers used were selected from the common sequences among hamster, mouse, rat and human cDNA of LPL and b-actin-5#-primer: ATTTGCCCTAAGGACCCCTG and 3#-primer: GCACCCAACTCTCATACATTCC (product size, 157 bp) for LPL and 5#-primer: ACGAGGCCCAGAGCAAGAGA and 3#-primer: TGGC-TGGGGTGTTGAAGGTC (product size, 228 bp) for b-actin. The cycling conditions were as follows: 95°C for 3 min, 33 cycles (for LPL) and 28 cycles (for b-actin) of 94°C for 5 s, 60°C for 20 s and 72°C for 30 s and a 10-min cycle at 72°C. The products were analyzed by 3% agarose gel electrophoresis with ethidium bromide staining. Quantitative real-time RT-PCR was performed using a PTC-200 DNA engine cycler equipped with a CFD-3220 Opticon 2 detector (MJ Research) for fluorescence detection, and SYBR Green I (BioWhittaker Molecular Applications, Rockland, ME) was used as a fluorescence dye. The primers employed were as described above, with cycling conditions as follows: 95°C for 3 min, 45 cycles of 94°C for 5 s, 60°C for 20 s, 72°C for 30 s and 79°C for 2 s. The fluorescence intensity of SYBR Green I was measured at 79°C with every cycle. Each PCR product was subcloned into the TA cloning plasmid vector using the pTARGET mammalian expression system (Promega Co., Madison, WI) and a JM109 Transformation kit (Nippon Gene, Co., Ltd, Toyama, Japan). To determine the copy numbers of cDNA for LPL and b-actin, their plasmids were cumulatively added to PCR samples as templates in the range of 10 2 -10 8 copies. Finally, the PCR products were analyzed by 3% agarose gel electrophoresis with ethidium bromide staining to confirm the correct sizes.
Carcinogenicity study and histopathological examination Sixty hamsters at 6 weeks old were injected subcutaneously with BOP four times (on days 1, 3, 5 and 7) at a dose of 10 mg/kg body wt, a further 20 hamsters receiving saline as vehicle controls. From 1 week after the last BOP treatment, one half of each group was given basal diet and the other diet containing 800 p.p.m. of pioglitazone for 22 weeks. The dose was chosen from our previous study in mice (27) and preliminary study in hamsters (data not shown). At the killing time point at 30 weeks of age, all surviving animals were anesthetized with diethyl ether and blood samples were collected from the heart. At autopsy, the pancreas, heart, lungs, kidneys, liver and bile duct were carefully examined macroscopically. The heart, lungs, kidneys, liver and bile duct were fixed in 10% phosphate-buffered formalin (pH 7.4). Each pancreas was carefully dissected from surrounding tissue and fixed after spreading on filter paper. All paraffinized organs were sectioned and stained with hematoxylin and eosin for assessment of histopathological features, as described previously (31, 32) .
Statistical analysis
The significance of differences in the incidences of tumors was analyzed by the v 2 test. Variation in other data was evaluated by the StudentÕs t-test. A P value of ,0.05 was regarded as significant.
Results
Hyperlipidemic state in hamsters
Serum lipid levels of hamsters were compared with those of mice and rats. As shown in Table I , levels of TG in the serum of Syrian golden hamsters fed a standard diet were markedly high, being 322 ± 41 mg/dl at 6 weeks old, which were 7-fold of those in C57BL mice and 2.8-fold of those in F344 rats. Serum TC levels were also high in Syrian golden hamsters, being 179 ± 6 mg/dl at 6 weeks old, which were 2.1-fold of those in C57BL mice and 1.6-fold of those in F344 rats. The serum TG and TC in 30-week-old hamsters were also in the levels of hyperlipidemia being similar or higher than those in 6-week-old hamsters. On the other hand, serum TG and TC in C57BL mice and F344 rats were not increased at 30 weeks of age. Similarly to C57BL mice and F344 rats, low levels of TG and TC were observed in other strains of rats and mice, such as ICR mice and Wistar rats.
In addition to the hyperlipidemic state in blood, histopathological evaluation revealed that all hamsters at 30 weeks of age suffered from steatosis in the livers (Figure 1 ).
Low activity of LPL in hamsters LPL is a key enzyme to decompose TGs. A low activity of LPL could be one of the causes of hyperlipidemia. LPL activity in the liver of hamsters was then compared with those of mice and rats (Table II) . LPL activities in Syrian golden hamsters at 6 weeks of age were 119 ± 36 nmole/min/wet g tissue, whereas those in C57BL mice and F344 rats were significantly higher being 5.1-fold and 3.1-fold, respectively, of the value in hamsters. LPL activities in ICR mice and Wistar rats at 6 weeks of age were also significantly higher than those in hamsters.
Effects of pioglitazone on the hyperlipidemic state and cancer development in BOP-treated hamsters To examine the effect of improvement of hyperlipidemia on pancreatic carcinogenesis in hamsters, hamsters were treated with a Significantly different from the corresponding value in hamsters, at P , 0.0005.
Suppression of hyperlipidemia and pancreatic carcinogenesis pancreatic carcinogen, BOP, and then fed a diet containing 800 p.p.m. pioglitazone. Administration of pioglitazone for 22 weeks after treatment with BOP did not affect the behavior of hamsters, but pioglitazone brought about a slight increase of food intake: the average food intake (g/day/animal) was 10.4 ± 1.2 in the BOP þ 800 p.p.m. pioglitazone group and 9.6 ± 0.7 in the BOP þ basal diet group (P , 0.005). The final body weight was statistically higher in the BOP þ 800 p.p.m. pioglitazone group compared with in the BOP þ basal diet group (219.5 ± 20.9 versus 202.3 ± 19.9, n 5 29 each, P , 0.005). As shown in Figure 2A and B, serum levels of TG and TC in 30-week-old hamsters were significantly decreased by pioglitazone to 62% (P , 0.001) and 71% (P , 0.001), respectively, of the values of the basal diet group. Severe hepatic steatosis observed in the entire liver in the basal diet group was also ameliorated by the pioglitazone treatment to mild (data not shown). Furthermore, as shown in Figure 3A , expression levels of LPL mRNA in the liver were elevated by treatment with 800 p.p.m. of pioglitazone, quantitative real-time RT-PCR assays demonstrating $1.7-fold higher values than for the group without pioglitazone ( Figure 3B ). Pancreatic lesions were histopathologically diagnosed as atypical hyperplasias, non-invasive adenocarcinomas and invasive adenocarcinomas, and the incidence and multiplicity data are summarized in Tables III and IV , respectively. The effective number was defined as the number of animals that survived until 30 weeks of age. As shown in Table III , the incidence of the adenocarcinomas induced by BOP was lower in the group treated with 800 p.p.m. pioglitazone than that in the control group: 38 versus 80% (P , 0.01). Multiplicity of the adenocarcinomas was also decreased by pioglitazone: 0.55 ± 0.15 versus 1.37 ± 0.22 (P , 0.01) (Table IV) . Especially, the incidence and multiplicity of invasive adenocarcinomas were significantly lower in the pioglitazone-treated group than the control group being 31 versus 73% (P , 0.01) and 0.38 ± 0.12 versus 1.03 ± 0.16 (P , 0.01), respectively, whereas those of non-invasive adenocarcinomas did not significantly differ between the two groups.
In addition to pancreatic ductal tumors, tumors in the bile duct, liver, lungs and kidneys have been reported to be induced by BOP in hamsters (32) . In the present study, cholangiocellular adenomas and carcinomas were observed in the BOP-treated group at incidences of 3 and 47%, respectively (Table V) . These cholangiocellular tumors were developed both in intra-and extrahepatic bile ducts. With administration of pioglitazone, their development was also markedly suppressed (Table V) . In contrast, lung adenomas were not affected, the incidences being 59% (17/29) and 53% (16/30) with and without pioglitazone, respectively. Renal mesenchymal tumors and hepatocellular carcinomas were observed only in the BOP-alone group, at incidences of 10% (3/30) and 3% (1/30), respectively, but their incidences were not significantly different from those in the BOP þ pioglitazone group (0/29 and 0/29, respectively). Tumors in the pancreatic duct, bile duct, liver, lungs and kidneys were not observed in the saline vehicle (n 5 10) or pioglitazone group hamsters (n 5 10) without the BOP treatment. BOP treatment induced lipomatosis in the pancreas with its toxic effects. In addition, lipomatosis in the pancreas was observed in the pioglitazone-treated groups with and without BOP, however, no toxic signs were seen in the pioglitazone-alone group.
Discussion
Our present investigation unequivocally demonstrated a hyperlipidemic state in hamsters on a 5% fat standard diet, but not in mice and rats. . Asterisks indicate a significant difference from the control at P , 0.05. b-Actin was used as an internal control. Copy numbers of LPL and b-actin were determined using plasmids in which the PCR products were inserted as templates. Significantly different from the corresponding value in hamsters, at P , 0.05. It was also observed that 30-week-old hamsters suffered from steatosis in the liver. Furthermore, the LPL activity in the liver of hamsters was significantly lower than those of the other rodents. Dietary administration of pioglitazone, a PPARc agonist, decreased serum lipid levels of TG and TC, elevated LPL mRNA expression in the liver and simultaneously suppressed pancreatic ductal adenocarcinoma development, especially the incidence and multiplicity of invasive adenocarcinomas, in BOP-treated hamsters. These results suggest that hyperlipidemia in hamsters may be an enhancing factor for pancreatic ductal cancer development. This study provides an important insight into the etiology of pancreatic cancer, supporting the epidemiological finding that fat intake and obesity might increase pancreatic cancer risk (6) (7) (8) . Malfunction of LPL is one reason for hyperlipidemia (33) and several polymorphisms resulting in lowered activity have been reported to cause primary hypertriglyceridemia in humans (34) . From the results of cloning hamster LPL, hamster-specific amino acid changes were found for 4 of 474 amino acids, corresponding to the open reading frame of LPL, but not at reported polymorphism positions, and the amino acid sequence at the active site appears fully conserved in hamsters. It has been reported that transcriptional induction of LPL is mediated via binding of a heterodimeric complex, consisting of PPAR and the retinoid X receptor, to the functional peroxisome proliferator response element sequence in the promoter of the LPL gene (33) . Our previous investigations demonstrated that administration of pioglitazone can up-regulate expression of LPL mRNA and suppress dose dependently both hyperlipidemia and intestinal polyp formation in Apc-deficient mice (26, 27 ). An increase in expression of LPL mRNA was similarly shown in hamsters after dietary administration of pioglitazone in the present study, with a decrease of serum lipid concentrations and significant suppression of pancreatic cancers in BOP-treated hamsters. Thus, it is probable that these are causally linked. However, it has been reported that pioglitazone inhibits pancreatic cancer cell growth and invasiveness in vitro (35) , so that the direct suppressive effects on cancer cell itself might also be involved. There is a LPL selective inducer, NO-1886, that up-regulates LPL mRNA expression without PPARc activation, and we have demonstrated the suppressive effect of NO-1886 on intestinal polyp formation in Apc-deficient mice (28) . To exclude the effect of PPARc activation and clarify the involvement of LPL in suppression of pancreatic cancer development, further investigation using NO-1886 is warranted.
Hibernating animals such as hamsters exhibit an obese state by deposition of adipose tissues (36) and cytokines secreted from adipose tissues could be involved in down-regulation of LPL. Skeletal muscle LPL protein levels are reduced by adipocyte tissue hypertrophy (37) and it is known that interleukin (IL)-6 and leptin are released from adipocytes, levels being elevated in obese subjects (38) . The molecular function of IL-1b is positively correlated with expression of leptin (39) and there have been reports that IL-6 and IL-1b can reduce LPL activity (40, 41) . These adipocytokines enhance the invasiveness of pancreatic cancer, and leptin strongly stimulates the secretion of matrix metalloproteinase-2 (42), which has a primary role in pancreatic cancer cell invasion (43) and is significantly activated in metastatic lesions (44) . In the present study, the mass of adipose tissues in hamsters was decreased 38% by pioglitazone treatment in comparison with the controls (data not shown). It is thus suggested that the strong suppression of invasive adenocarcinoma might have been caused by reduced secretion of adipocytokines, due to this decrease of adipose tissue.
In addition, our data indicate that pioglitazone also significantly suppresses the development of cholangiocellular carcinomas, but not lung adenomas. Pancreatic ductal adenocarcinomas and cholangiocellular carcinomas in BOP-treated hamsters have certain genetic characteristics in common; for example, aberrant transcription of the fragile histidine triad gene is observed in both (11, 45) . Thus, the influence of pioglitazone might be similar for the two types of carcinoma, one arising from ducts in the pancreas and the other from bile ducts. Interestingly, it has been reported that 4-phenylbutyl isothiocyanate suppresses pancreatic cancers and lung tumors, but enhances liver tumorigenesis in BOP-treated hamsters (46) . Phenethyl isothiocyanate and a cyclooxygenase inhibitor, nimesulide, also suppress BOP-induced hamster pancreatic cancers and lung tumors, but do not affect liver tumors (32) . Thus, the inhibitory mechanisms of pioglitazone on pancreatic cancer may be different from those of these agents.
To conclude, the present study demonstrated a hyperlipidemic state in hamsters, and its improvement with pioglitazone accompanied by suppression of the development of invasive pancreatic adenocarcinomas. The inhibitory effects appeared more remarkable than with a cyclooxygenase-2 inhibitor, nimesulide (32) , soybean trypsin inhibitor (47) and phenethyl isothiocyanate (48) , so that anti-hyperlipidemic drugs may deserve more consideration as candidate chemopreventive agents active against pancreatic cancer. 
